Introduction As pulmonary artery obstruction results in proliferation of the bronchial circulation in a variety of species, we investigated this angiogenic response using single photon emission computed tomography (SPECT) and micro-CT. Materials and methods After surgical ligation of the left pulmonary artery of rats, they were imaged at 10, 20, or 40 days post-ligation. Before imaging, technetium-labeled macroaggregated albumin ( 99m Tc MAA) was injected into the aortic arch (IA) labeling the systemic circulation. SPECT/micro-CT imaging was performed, the image volumes were registered, and activity in the left lung via the bronchial circulation was used as a marker of bronchial blood flow. To calibrate and to verify successful ligation, 99m Tc MAA was subsequently injected into the left femoral vein (IV), resulting in accumulation within the pulmonary circulation. The rats were reimaged, and the ratio of the IA to the IV measurements reflected the fraction of cardiac output (CO) to the left lung via the bronchial circulation. Control and sham-operated rats were studied similarly. Results The left lung bronchial circulation of the control group was 2.5% of CO. The sham-operated rats showed no significant difference from the control. However, 20 and 40 days postligation, the bronchial circulation blood flow had increased to 7.9 and 13.9%, respectively, of CO. Excised lungs examined after barium filling of the systemic vasculature confirmed neovascularization as evidenced by tortuous vessels arising from the mediastinum and bronchial circulation. Conclusion Thus, we conclude that SPECT/micro-CT imaging is a valuable methodology for monitoring angiogenesis in the lung and, potentially, for evaluating the effects of pro-or anti-angiogenic treatments using a similar approach.
Introduction
The bronchial circulation provides an oxygenated blood supply to the airway walls, the airway epithelium, the mucous and serosal glands, and the lymph nodes in the lung parenchyma [1] . But besides its normal function, the vessels of the bronchial circulation can play an important role in various pathologies of the lung, partly because they can effectively form anastomoses with the pulmonary precapillary microvessels, such as may occur with congenital heart disease and pulmonary edema [2] or pulmonary arterial occlusion and embolism [3, 4] . Furthermore, it has been shown that primary bronchogenic carcinomas and bronchial adenomas derive a significant portion of their blood supply from the bronchial circulation [5] [6] [7] [8] and that blood flow within the bronchial circulation is correspondingly increased [9] . As tumor regression has been observed after infusion of chemotherapeutic agents directly into the bronchial circulation, cancer therapies using antiangiogenic drugs are being developed to limit blood flow by inhibiting the development of the bronchial circulation [10, 11] . Thus, the establishment of suitable protocols for delivery of these agents depends in part on an understanding of the development of the bronchial circulation supplying the tumor.
One common model for initiation of bronchial angiogenesis is the ligation of a pulmonary artery. After ligation of the left pulmonary artery (LPA), the bronchial circulation of the left lung has been shown to develop in sheep [3] , dogs [10] [11] [12] [13] [14] , rats [15] [16] [17] [18] , and mice [19, 20] in an attempt to compensate for the lack of perfusion via the pulmonary circulation. Commonly, ligation of the LPA has been used because it is generally more accessible than the right lung, and in the rat, the left lung accounts for only one third of the total lung capacity, which can be partially compensated for by the right lung. One indication of angiogenesis and the accompanying vascular remodeling in these lungs is the increased presence of growth factors endothelin-1 and nitric oxide [15, 21] . In addition, new precapillary anastomoses between the bronchial circulation and the pulmonary circulation have been observed to form [18] , thereby, allowing blood from the systemic circulation to participate in gas exchange. This vascular remodeling within the ligated lung, known as post-obstructive pulmonary vasculopathy, has also been observed after pulmonary embolus [22] .
Proliferation of the bronchial circulation after LPA ligation in rats was observed histologically after only 4 days [18] . In addition, an increase in systemic perfusion of the lung from 0.2% of the cardiac output to ∼ 5% was measured in mice using colored microspheres injected intravenous and intraaortic [19] . Similar results were also obtained in dogs where an increase in perfusion of up to 30% was measured using direct flow measurement techniques [13] . However, specific information on the extent and time course of the development of the bronchial circulation has not previously been presented, yet will be important for designing protocols for delivery of anti-cancer drugs. Thus, we developed and utilized a dual-modality single photon emission computed tomography (SPECT)/ micro-CT imaging system to quantify the proliferation of the bronchial circulation of rats after LPA ligation. Recovery flow to the left lung via the bronchial circulation was observed using SPECT detection of radiolabeled macroaggregated albumin (MAA) that deposits in the microvasculature in proportion to local flow. As the recovery flow to the left lung originates from the aorta, the MAA injection was made into the aorta via the carotid artery, and accumulation of MAA in the lung was used as an index of bronchial flow. Micro-CT was used to obtain anatomical thorax images so that the lung field could be identified within the SPECT images, as the entire systemic vasculature was radiolabeled. Registration of the SPECT and micro-CT image volumes then enabled segmentation of the SPECT images of the left lung for subsequent flow quantification.
Materials and methods
Animal preparation: IA and IV Twenty-seven Sprague-Dawley rats weighing 325 g (±41 SD) were used. All protocols and procedures are approved by the Institutional Animal Care and Use Committee of the Zablocki VA Medical Center. Six animals served as controls, three received a sham surgery, and the remaining 18 underwent LPA surgical occlusion. The animals were anesthetized (75 mg/kg ketamine and 0.5 mg/kg medetomidine hydrochloride, IP), intubated with PE240 tubing, and ventilated continuously using a small animal ventilator (CIV-101, Columbus Instruments) set to a tidal volume of 2 ml at a rate of 60 breaths/min. The chest was then opened laterally in the third intercostal space on the left side of the thorax, the ribs were spread, and the left lung was deflated and moved aside. The left pulmonary artery was identified, separated from the airway, and then ligated with 4-0 suture. After ligation, the left lung was reinflated with 2-3 tidal volumes, and the chest was closed. An IP injection of 1 mg/ kg atipamezole hydrochloride was administered as an antagonist to the medetomidine hydrochloride to assist in the recovery of the animals. The ventilator was removed upon onset of a normal breathing pattern, and the rats were allowed to recover for a predetermined number of days (10, 20 , or 40 days) before subsequent imaging studies.
The sham surgery for the three rats included all steps of the surgical ligation with the exception that the ligature was positioned around the left pulmonary artery in a loose loop, allowing normal perfusion of the left lung via the pulmonary circulation. These animals were imaged at 40 days post-ligation (458 g±55 SD). The six control rats (396 g±92 SD) received no surgery. The LPA-ligated, the sham, and the control animals were all imaged identically using the protocol described below.
Imaging of the bronchial circulation (referred to subsequently as IA imaging) of the rats occurred at 10 (341 g± 31 SD), 20 (444 g±17 SD), and 40 (477 g±56 SD) days after LPA ligation. The animals were anesthetized (82 mg/kg ketamine and 1.8 mg/kg acepromazine, IM), a left carotid artery catheter (PE50) was inserted, and a retrograde injection of 74 MBq of 99m Tc MAA (1.0 ml) was then made into the aortic arch. Tc was bound to the MAA. After removal of the catheter and closure of the wound, the rats were suspended in a plastic tube (diameter=70 mm) and positioned vertically on the specimen stage of the imaging system.
To examine perfusion via the pulmonary circulation (referred to subsequently as IV imaging), the animals were imaged again ∼5 days later, allowing for sufficient time for recovery and adequate clearance/decay of the 99m Tc MAA. The rats were reanesthetized (82 mg/kg ketamine and 1.8 mg/kg acepromazine, IM), a femoral venous catheter (PE10) was inserted, and 74 MBq of 99m Tc MAA (1.0 ml) was injected. The catheter was removed, the wound was closed, and the animals were imaged as described below.
Imaging system: SPECT and micro-CT All animals were first imaged with SPECT to visualize the MAA distribution, and subsequently, without relocation or repositioning, using micro-CT to identify the lung boundaries. The tube containing the rat was positioned vertically on a micromanipulator-controlled specimen stage with vertical (z) and horizontal (x, y) translation accuracy of 1 μm and rotational accuracy of 0.001°. The stage height was adjusted so that the thorax was within the field-of-view of both the SPECT and micro-CT system simultaneously.
For SPECT data acquisition, a mobile gamma camera (DYNA MO, Picker Corporation) with a 260-mm diameter scintillation crystal [NaI(Tl)] equipped with a 5-mm pinhole collimator was positioned in front of the specimen, perpendicular to the X-ray beam. The center of the pinhole was matched with the axis of rotation and positioned at the same height as the X-ray focal spot for subsequent registration of the two image volumes. To maximize the magnification and simultaneously insure that the thorax was kept within the field of view of the gamma camera at all angular positions, the pinhole-to-object and pinholeto-detector distances were set at a distance of 60 and 180 mm, respectively, yielding ×3 magnification. The imaging time was set to 20 s per view, and 128 projection images over 360°were acquired in a step-and-shoot mode. The raw images consisted of 128×128 pixels. Although the 5-mm pinhole was relatively large, the images reveal that the resulting spatial resolution was adequate for this experiment, involving left versus right lung comparison of MAA accumulation.
The SPECT image data were reconstructed using a voxel-driven, ordered-subset expectation maximization (OS-EM) algorithm [23, 24] . This algorithm, a variant of maximum-likelihood expectation maximization [25] , computes a spatial estimate of the MAA distribution using an iterative procedure that incorporates physical and statistical parameters of the image acquisition. In particular, the algorithm incorporates an error function [26] model of the geometric response of an idealized pinhole, as well as the experimentally measured point spread function of the camera [27] . Generally, the image data were organized into four subsets, and five iterations were needed for convergence. These parameters were selected based upon previous simulation and experimental test phantom results [24, 28] . The resulting reconstructed volume matrix consisted of 128 × 128 × 128 isotropic voxels with a linear size of 0.7 mm.
For subsequent micro-CT imaging, X-ray projection images were obtained using a Feinfocus FXE 0.20 microfocal X-ray source with a 3-μm effective focal spot at a voltage of 70 kVp and a current of 30 μA. The detection system consisted of an image intensifier (Thomson TH0438 HX H661 VR24) optically coupled to a charge-coupled device (CCD) camera (Silicon Mountain Design SMD1M-15) as described previously [29, 30] . Typical sourceto-detector and source-to-object distances were 800 and 350 mm, respectively, so that the projection images filled the 7-in. detector input screen, yielding ×2.3 magnification. The CCD camera acquired images consisting of 512× 512 pixels. The raw images were acquired at 30 frames per second, and then 7 frames were averaged at each of 360 views over 360°. These averaged projection images were reconstructed using a Feldkamp cone-beam back-projection method [31] , resulting in a reconstructed volume consisting of 497×497×497 isotropic voxels, each with a linear size of 0.11 mm.
Image analysis: registration, segmentation, and quantification
Because the rat remained in the same position on the stage during the SPECT and subsequent micro-CT imaging, the axis of rotation was identical for the SPECT and micro-CT imaging, resulting in automatic alignment of the x-and y-axes of the SPECT and micro-CT reconstructed image volumes. Furthermore, the X-ray focal spot and the gamma camera pinhole were positioned at the same height, which aligned the horizontal center plane of the SPECT and micro-CT volumes and resulted in z-axis alignment. Thus, the x-, y-, and z-axes of the object space of both image volumes had the same origin. However, to compensate for differing magnification factors between the two image volumes, the voxel sizes were rescaled so that the corresponding voxels within each image volume could be determined, resulting in co-registration of the SPECT and micro-CT image volumes.
Image segmentation was performed on the micro-CT image volume to first identify the entire lung field (left and right lungs) and, subsequently, to differentiate the left and right lungs. The image volume was initially segmented using standard region-growing techniques [32] . A seed point within the image of the air-filled lung parenchyma was positioned and a grayscale window with a lower threshold of zero (corresponding to air) and an upper threshold of the maximum grayscale value within the lung parenchyma region, excluding major blood-filled vessels, was established. The algorithm proceeded by labeling the seed point as segmented lung and then examining all eight neighboring voxels within the current slice, as well as those directly neighboring within the two adjacent slices. Any of these neighboring voxels with a grayscale value within the specified grayscale window was labeled as segmented lung. The algorithm then proceeded to examine the neighbors of each of the newly segmented voxels in the same manner and repeated the procedure until no new segmented voxels were identified and a region representing the lung without large blood-filled vessels was determined. The larger bloodfilled vessels were then included in the segmentation by applying a two-step morphological closing algorithm [32] . In the first step, "dilation" was implemented by positioning a disk of the same size as the largest blood-filled vessel (∼2.5 mm) over each segmented voxel within the image, and all voxels covered by the disk were labeled as segmented. The second step (erosion) consisted of positioning the disk over each nonsegmented voxel within the image and labeling each voxel covered by the disk as nonsegmented. This two-step closing operation was repeated on each image slice within the volume and resulted in a 3D representation of the segmented lung volume within the micro-CT images.
Next, the boundary between the left and right lungs was identified manually in all slices of the micro-CT image volumes. For the IA images, several circular regions of interest (ROIs) were drawn, covering the entire left lung, while avoiding the right lung. Each ROI was extended in the vertical dimension until it intersected with the right lung, generally covering ∼25-30 slices, and closed to form a cylinder. At that slice level, the next ROI was drawn, and this procedure was repeated until the entire left lung was covered with three or four ROIs. For the IV images, the same procedure was used to segment out the right lung in the LPA-ligated rats and both lungs in the control and sham rat micro-CT image volumes.
Upon successful segmentation of the left and right lungs, MAA accumulation in the corresponding regions of the coregistered SPECT volume was determined by summing the intensity value of each voxel within the region. In particular, for the LPA-ligated rats, left-lung MAA accumulation was measured from the IA images, and right-lung MAA accumulation was measured from the IV images, whereas for the control and sham rats, MAA accumulation was measured in both lungs. As 9 of the 27 rats failed to recover after the IA imaging, right-lung measurements from the IV experiments were averaged over all rats. The bronchial circulation flow fraction, representing the fraction of cardiac output perfusing the left lung via the bronchial circulation, was then calculated as the ratio of left-lung IA to right-lung IV MAA accumulation.
In one control, one sham, one 20-day, and one 40-day LPA-ligated rat, vessel morphology was examined. The animal was anesthetized (50 mg/kg sodium pentobarbital, IP) and heparinized, (250 USP units), and PE240 tubing was inserted into the trachea through a tracheotomy. The abdomen was opened just below the xiphoid process, the diaphragm was exposed, and the lungs were inflated with a positive pressure of 6 mmHg before the diaphragm was cut and pulled back. The abdominal aorta was dissected, and PE240 tubing was inserted retrograde into the aorta and secured with 3-0 suture. Warm saline was flushed through the tubing followed by infusion of a barium-sulfate gelatin mixture (60 ml saline, 6 g gelatin, 60 g barium-sulfate) at a pressure of 90 mmHg, resulting in immediate death of the animal. As barium-sulfate particles are larger than capillaries, they did not pass through the capillary bed but instead filled the systemic arteries. The infusion was stopped when the barium had clearly filled the intercostal arteries. The aorta and trachea were ligated with suture, and the specimen was immediately cooled in the freezer to allow the barium-gelatin solution to set. The lungs and heart were then excised and preserved in formalin for subsequent examination.
Results
Reconstructed and co-registered SPECT/micro-CT images of the type used for perfusion analysis are shown in Fig. 1 . One typical slice through the co-registered SPECT/micro-CT volume of an IA image acquisition in a control rat is shown in Fig. 1a , where MAA distribution throughout the systemic circulation can be observed. The IV injection resulted in 97% MAA accumulation in the right and left lungs with the corresponding images shown in Fig. 1b .
Examples of images from the co-registered reconstructions of a 40-day post-ligation rat are shown in Fig. 1c MAA distribution within the left lung was quantified by first segmenting out the lung field in the micro-CT image slices, as shown in Fig. 2a . The black region corresponds to the lung parenchyma, whereas the purple represents the eliminated non-lung tissue region. The small isolated purple regions within the parenchyma correspond to blood-filled Figure 2b shows the same slice after the morphological closing operation, where all isolated regions within the lung parenchyma, except the esophagus, have been included into the lung region. Finally, the left lung was differentiated from the right lung using a circular ROI as shown in Fig. 2c , and total activity intensity within the left lung determined.
Quantification of blood flow to the left lung via the bronchial circulation, as a fraction of cardiac output, was calculated by computing the ratio of IA left lung MAA activity to IV right lung MAA activity. The bronchial circulation developed substantially over the 40-day time period studied. Figure 3 shows that, in control rats, the left lung bronchial circulation was 2.5% (±1.2, SE) of the total cardiac output (i.e., fractional flow=0.025) and increased significantly (p<0.005) to 7.5% (±0.7, SE), and 13.9% (±1.6, SE) by 20 and 40 days, respectively. Figure 3 also shows that there was no significant difference between the control group and the sham-operated group imaged 40 days post-surgery, suggesting that the impact of the surgery itself was minimal.
We examined the accuracy of using a set of three or four cylinders to differentiate the left lung from the right in the segmentation procedure as described above (and referred to in this paper as the cylinder method). In four rats, the number of counts within the left lung was obtained using the cylinder method, as well as by using a labor-intensive but more accurate approach of identifying a circular ROI over the lung region within each individual slice of the volume containing the lung field (slice method). Table 1 shows that the difference for the four subjects was less than 2%. Furthermore, the repeatability of the cylinder method was examined by repeating the procedure at least 2 weeks later (to eliminate bias) on the same data set and comparing the quantification results. The data in Table 1 show that the error in the repeated cylinder measurements, when compared to using individual slices, was less than 7%. This measurement error is reflected in the error bars of Fig. 3 , along with subject variation. Note that, in this worst case, a 7% increase in the number of counts in the left lung would cause the left lung fractional flow to increase from the reported 0.14 to 0.15.
The barium-filled lungs were examined for the presence of newly formed vessels, commonly having a twisted or corkscrew appearance [33] , using digital macro-photography of the excised lungs, as shown in Figs. 4 and 5. No evidence of newly formed vessels or of differences in appearance between the left and rights lungs was visible in either the control or sham rats. However, Fig. 4a shows a photo of the excised lungs of the 20-day rat, wherein the left lung appears substantially lighter in color, presumably because of increased barium filling, upon comparison to the right lung, which appears deeper red. Furthermore, the left lung shows new vascularization as evidenced by the tortuous vessels, arising from the mediastinum and from the bronchial circulation. In addition to proliferation of systemic vessels within the lung parenchyma, vessels originating from intercostal arteries were observed to form a dense vascular network on the dorsal surface of the lung as illustrated in Fig. 4b obtained from a 40 -day rat. These vessels appear to enter the lung parenchyma through the visceral pleura via adhesions between the left lung and the thoracic wall. Their tortuous pathways can be seen in the magnified image in Fig. 4c . Figure 5a shows the inner thoracic cavity of a sham rat with the ventral surface of the lung visible. Adhesions were formed in the sham rats; however, no vascularization of these adhesions was observed. This is in comparison to Fig. 5b from a 40-day LPA rat exhibiting a densely vascularized adhesion between the inner chest wall and the left lung parenchyma. On gross visual inspection, neither the left lung nor the right lung showed signs of necrosis or atelectasis in any of the lungs examined.
Discussion
We have used in vivo SPECT/micro-CT imaging to quantify neovascularization within the lung of a rat. Total ligation of the LPA as a stimulus of angiogenesis in the bronchial circulation has been previously reported by others [3, 18, 19, 32, 34] . However, to the best of our knowledge, the time course of bronchial perfusion increases has not been reported in a rat model nor has an effective in vivo imaging protocol been developed for its study.
In this study, the measured value of normal left lung bronchial circulation in the rat, 2.5% of total cardiac output, corresponds well to values published by Deffebach et al. [1] for other species. At 40 days post-ligation the bronchial circulation blood flow increased to ∼14% of the total cardiac output, representing a greater than fourfold increase. This is in line with studies reporting on other species such as sheep, where bronchial flow increased from 0.6 to 2.4% over 3 weeks [3, 34, 35] ; mice, in which flow increased from less than 1 to ∼5% over 3 weeks [19] ; and dogs from less than 0.5 to ∼10% over a 17-week period [13] . The differences in the bronchial circulation blood flow as a percent of cardiac output under normal conditions, as well as after LPA ligation, appear to vary somewhat between species, although it is not currently possible to determine whether these differences are caused by species variations or to the use of different experimental approaches for quantifying flow.
One of the primary objectives of this study was to develop an in vivo imaging protocol for assessing the pulmonary and bronchial circulations. Previous studies described above have utilized casting and histology [3, 13, 18, 19] , flow probes positioned at the bronchial artery [35] , fluorescent microspheres [19] , and dual pump perfusion of the pulmonary and bronchial circulations [12] , all methods that require sacrifice of the animal for flow quantification. Nonetheless, some have the advantage that morphological data from individual pulmonary and bronchial vessels can be measured, as well as changes in these vessels in response to ligation. The SPECT/micro-CT imaging approach used in our study is not capable of resolving individual vessels of the bronchial circulation more generally but instead relies on regional measurements of perfusion within the lung to determine bronchial blood flow and changes therein. Furthermore, this in vivo imaging approach has the potential for longitudinal observations in the same animal, yielding statistically more powerful data and possibly higher throughput imaging. Although, in our protocol, the animals were killed after IV imaging, permanent placement of a carotid catheter during the ligation surgery would permit repetitive intra-arterial imaging in the same animal.
In this study, we imaged all animals with both micro-CT and SPECT. As the sole objective of the micro-CT imaging was to define the lung boundaries, we used a fast-scan protocol (∼2 min total scan time) with relatively low amperage (70 kVp and 30 μA). As Fig. 1 reveals, the resulting micro-CT images appear somewhat noisy because of the short-and low-intensity exposure, yet are satisfactory for the subsequent boundary identification procedure. We used a clinical mobile gamma camera for SPECT imaging. The use of this system was relatively straightforward in that the image acquisition and manipulation were standard with the system, and its mobility insured compatibility with our existing micro-CT system. However, the overall spatial resolution was limited by the 5-mm diameter pinhole collimator available to us and the intrinsic resolution of the camera itself (∼3 mm). We attempted to accommodate for this by implementing an OS-EM algorithm that incorporated the effects of the point spread function of the pinhole, as well as the camera. The SPECT images indicate that the spatial resolution is adequate for lung-to-lung comparisons for rats but would certainly need improvement to accurately visualize and quantify heterogeneity of perfusion within rat lungs or lung-to-lung comparisons for mice. In this work, the lung-to-lung flow comparison may be confounded by the cylinder method used to identify the left-right boundary between the lungs, as well as potential partial volume effects that may produce spill-in or spill-out errors. As discussed above, these errors are expected to be small relative to subject variation.
OS-EM was implemented and used exclusively in the SPECT reconstructions in this study. We used five iterations based on previous simulation studies that suggested that edges of activity-filled tubes were well resolved at this point, whereas further iteration resulted in the development of artifacts in the images. Although this value is consistent with iteration numbers reported by others [23, 36] , the number of iterations will depend on the complexity of the imaging model used in the reconstruction algorithm. Although the model kernel we implemented in the OS-EM algorithm incorporated the effects of the collimator and the camera as indicated above, we did not include attenuation and scatter of the emitted gamma rays within the animal. The necessity for or benefits of attenuation and scatter correction for small animal imaging in general have not been well characterized, and most research and commercially available small animal systems do not incorporate these features [27, 37, 38] . Recently, Rutao et al. [39] , by simulating and comparing images of an intact rat skull with an excised rat brain, reported that attenuation correction may be beneficial but that scatter correction did not improve image quality significantly. Nonetheless, development of reliable methods for accurate quantification of physiologic function from SPECT images will require a thorough analysis of attenuation and scatter. One approach currently being investigated is the use of the X-ray images obtained from micro-CT as the attenuation map required for SPECT reconstruction [40, 41] .
